ABSTRACT: In steps of protein purification of bovine retinal protein phosphatase 2A (PP2A), phosducin dephosphorylation activity peaks coelute with a PP2A enzyme complex, shown by peptide sequence analysis to contain a B′ subunit, B56epsilon. Other PP2A complexes with a slightly larger (56.5 kDa) B′ subunit (sequenced to be B56alpha) or with the BR regulatory subunit have no phosducin dephosphorylation activity. Upon exposure to light, a significant increase in the immunoreactive protein level of the A, C, and B56epsilon PP2A subunits is observed in the cytosolic fraction of mouse retina, the phosducin dephosphorylation of which occurs rapidly. During dark exposure, these subunits translocate to the membrane fraction where rhodopsin is slowly dephosphorylated. This PP2A redistribution occurs in less than 1.5 min and is dependent upon light and not upon an intrinsic circadian rhythm. Forty times more of the A subunit (∼20 ng/mouse retina) and 9 times more of the C subunit (∼4 ng/mouse retina) than of the B56epsilon subunit (∼0.45 ng/mouse retina) redistribute, which suggests that the predominant form of the PP2A enzyme complex on the membrane in the dark is a dimer, consisting of only A and C subunits. We observe that the dimer favors phosphorylated opsin as a substrate, while the trimer, particularly the enzyme complex with the B56epsilon subunit, greatly prefers phosphorylated phosducin, with an activity several hundred times those of other substrates that were tested. This light-driven PP2A translocation provides a potential mechanism for efficient dephosphorylation of two critical photoreceptor transduction proteins, cytosolic phosducin and membrane-bound rhodopsin, by the same enzyme.
Protein phosphatase 2A (PP2A) 1 is a serine/threonine phosphatase that regulates diverse cellular processes, including signal transduction. The PP2A enzyme exists either as a dimer (AC) or as a trimer (ABC) complex of subunits: a 36-38 kDa catalytic (C), a 60-65 kDa structural (A), and multiple nonhomologous 54-130 kDa regulatory (B) subunits. The gene structure and transcriptional regulation are known for the two catalytic isoforms, CR and C , which are 97% identical and were potentially derived through gene duplication (1) . Similarly, the A subunit has two isoforms and is firmly complexed with the C subunit (2) . The variable B regulatory subunits are complex in their nomenclature and in nature and are encoded by at least three distinct gene families: (A) PR55R, 1-4, γ, δ (3, 4) , (B) PR72/PR130 (5) , and (C) B′. The B′ gene family is the most complex with several subfamilies: B′R1-3, B′ 1-4, B′γ1,2, and B′δ (6), B56R-(7-9), PR61R-(10), and B′′δ1-3 (11) . All these B′ and B′′ subunits have highly conserved areas of sequence homology. Additionally, the B′ subunit has at least 10 splice variants derived from the five PR61 genes (4, 5, 7, 10, (12) (13) (14) (15) . B subunits control the compartmentalization of PP2A within the cell (13, 16) , as well as the substrate specificity of the AC complex through interactions at the variable N-and C-terminal domains of B (17) . Evidence of interconversion among the B subunits exists (17) . Viruses have evolved B-like proteins, such as Simian virus 40 small t antigen and adenovirus E4 (14, 18) , that override normal PP2A control mechanisms.
In the retina rod photoreceptor, dephosphorylation of phosducin and rhodopsin is catalyzed, at least in part, by PP2A (19) (20) (21) (22) (23) (24) (25) . Phosducin is a phosphoprotein that modulates the light-activated phototransduction cascade of the vertebrate retina, using dephosphorylation mechanisms that regulate its interactions with the γ subunits of the G-protein transducin (26) (27) (28) (29) . In addition to phosducin's G γ interaction, it interacts with SUG1, a subunit of the 26S proteasome (30) , and it inhibits the transactivation activity of a retinaspecific transcription factor, Crx (31) , implying other potential regulatory functions for phosducin in retinal metabolism and development. Rhodopsin is a photon receptor that is coupled to a G-protein cascade. Amplification of the photon response is shut off by rapid phosphorylation of rhodopsin during illumination by G-protein-coupled receptor kinase 1 (GRK1), which both enhances the binding of arrestin and inhibits the catalytic activation of transducin (29, 32, 33) . Subsequently, rhodopsin is slowly dephosphorylated and recycled for activation.
In the retina, light and dark adaptation is necessary because, while at the lowest levels of light, photoreceptors can respond to a single photon of illumination. Background levels of illumination can vary by 10 orders of magnitude. Translocation of components of the visual cascade has been shown to effect photoreceptor adaptation to various levels of background light (34) . The components that translocate in response to light include transducin (35) (36) (37) , rod arrestin (36, 37) , phosducin (38) , crayfish Gq alpha and beta (39, 40) , crayfish screening pigment granules (40) , CaM kinase (41) , and Drosophila TRPL channels (42) .
In light, efficient dephosphorylation of phosducin by PP2A in the cytosolic fraction of photoreceptor cells is needed to effect a quenching of sensitivity so that degrees of intense light can be distinguished. Under darker conditions, dephosphorylation of rhodopsin on the rod outer segment membrane by PP2A is important for increased light sensitivity, returning this visual pigment to a conformation that favors the capture of another photon. In this report, the subunit composition of the PP2A complex in retinal photoreceptors is presented, and a model is proposed that can explain the increased efficiency of dephosphorylation of phosducin by PP2A in light and rhodopsin in darkness through the translocation of the PP2A enzyme from the membrane fraction in darkness to the cytosolic fraction under conditions of intense light.
EXPERIMENTAL PROCEDURES
Preparation of PP2A-Phosphorylated Substrates. Phosphorylase a was prepared by incubating 5 mg of phosphorylase b with 3 µg of phosphorylase kinase in the presence of 50 mM Tris, -glycero-2-phosphate (pH 8.2), 10 mM magnesium acetate, and 1 mM ATP (50 µCi of [γ-32 P]ATP, 6000 Ci/mmol) at 25°C for 2 h (43, 44) . The reaction was stopped with the addition of enough ammonium sulfate to achieve 70% saturation. The precipitate was resuspended in 50 mM Tris-HCl (pH 7.3), 1 mM EDTA, and 50 mM 2-mercaptoethanol and dialyzed in the same buffer overnight.
Phosphorylated phosducin was prepared by incubating 0.2 mg of purified bovine phosducin with 100 units of cAMPdependent protein kinase, catalytic subunit (Calbiochem Corp.), in the presence of 62.5 mM MES buffer (pH 6.9), 3 mM 2-mercaptoethanol, 2 mM magnesium acetate, 1 mM BZMD, 0.1 mM PMSF, and 0.4 mM ATP (40 µCi of [γ-32 P]-ATP, 6000 Ci/mmol) at 30°C for 2 h (45). The reaction was stopped with 70% ammonium sulfate, and the precipitate was resuspended in 1 mL of 50 mM Tris-HCl (pH 7.6), 50 mM 2-mercaptoethanol, and 1 mM BZMD and dialyzed overnight in the same buffer.
Phosphorylated opsin was prepared using dark-adapted rod outer segments (ROS) from 25 bovine retinas that were suspended in the dark in 1 mL of 67 mM potassium phosphate (pH 7.0), 1 mM DTT, and 0.1 mM EDTA (46) . The ROS contained endogenous rhodopsin kinase that, upon exposure to light, phosphorylated the freshly bleached rhodopsin over a 60 min incubation in medium (25°C) containing 2 mM magnesium acetate and 0.1 mM ATP (40 µCi of [γ 32 -P]ATP, 6000 Ci/mmol). The incubated ROS were washed with ice-cold 50 mM Tris-HCl buffer (pH 7.0) and then dialyzed in the same buffer.
Phosphorylated histone was prepared by incubating 10 mg of type VII-S histone (Sigma) in 50 mM Tris-HCl (pH 7.6), 5 mM MgCl 2 , 1 mM DTT, and 0.5 mM ATP (40 µCi of [γ 32 -P]ATP, 6,000 Ci/mmol) for 4 h at 37°C. The protein was TCA precipitated and dialyzed in 50 mM Tris-HCl (pH 7.6).
PP2A Enzyme Assay. Phosphatase enzyme activity was assayed by incubation for 2-60 min, as determined for the linearity of the reaction, at 30°C in a total volume of 60 µL in the presence of 10 µL of enzyme source, 1 µmol of 32 Plabeled substrate, 50 mM Tris-HCl (pH 7.6), 1 mg/mL BSA, 0.5 mM EDTA, and 2 mM MnCl 2 . The reaction was stopped by the addition of 100 µL of 17.5% TCA followed by 100 µL of 6 mg/mL BSA, and the mixture was cooled on ice for 30 min and centrifuged at 13000g for 3 min. A 200 µL aliquot of the supernatant was counted in a Beckman LS 6500 scintillation counter in the presence of scintillation cocktail (BioSafe II, RPI Corp.).
PP2A Purification. Four hundred dark-adapted frozen bovine retinas (Lawson Co.) were thawed in darkness as they were homogenized in a ceramic mortar and pestle in Ringers buffer (10 mM MOPS, 60 mM KCl, 30 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, and 0.1 mM PMSF) with 55% sucrose and passed through an 18 gauge needle, before dilution with Ringers buffer to 38%. The mixture was centrifuged for 20 min at 27000g to separate photoreceptor rod outer segments (ROS) from other components of the retina (47, 48) . Suspended ROS were diluted with an equal volume of Ringers buffer and pelleted by centrifugation at 40000g for 20 min, and the supernatant was retained for PP2A purification.
The ROS supernatant was applied to a 5 cm × 5 cm DE 52 column (Whatman) equilibrated in 200 mM Ringers buffer, washed with 200 mL of Ringers buffer, and eluted with 400 mL of Ringers buffer containing 0.2 M NaCl. The eluate was applied to a 2.5 cm × 11 cm protamine-agarose column (Sigma) and washed with 50 mL of Ringers buffer with 0.2 M NaCl before elution with a 550 mL gradient of 0.2 to 0.8 M NaCl in Ringers buffer. The maximum PP2A activity, with phosphorylated phosducin as the substrate, was observed in fractions containing ∼0.6 M NaCl. Peak activity fractions were concentrated on an Amicon YM30 membrane (Amicon Corp.) and applied to a 2.5 cm × 90 cm Ultrogel AcA44 column (IBF Biotechnics) equilibrated in 10 mM KPO 4 , 5 mM DTT, 0.1 mM PMSF, and 1 mM BZMD (pH 6.8). The phosducin activity peak from the Ultrogel column was applied to a 1.6 cm × 5 cm hydroxylapatite (HTP) column (Bethesda Research Laboratories, Inc.) equilibrated as described above, and eluted with a 50 mL gradient from 10 mM KPO 4 (pH 6.8) to 150 mM KPO 4 (pH 7.0) with 1.0 mM EDTA.
For preparation of purified PP2A subunits for antibody production, the fractions from the HTP column containing activity against phosphorylated phosducin were purified further with a 0.9 cm × 7 cm heparin-agarose (type II) column, equilibrated in 50 mM KPO 4 , 0.1 mM EDTA, 0.2 mM PMSF, and 0.2% (v/v) 2-mercaptoethanol (pH 7.0), and eluted with a 150 mL, 0 to 0.5 M NaCl gradient. Peak PP2A activity (0.1 M NaCl) against phosphorylated phosducin was pooled for analysis on preparative SDS-PAGE to separate the PP2A subunits. PP2A subunits from several PP2A preparations were pooled for antibody preparation. The subunits were eluted from the preparative SDS-PAGE gel pieces with NH 4 HCO 3 (pH 8.0), lyophilized, reconstituted in 0.6 mL of water, and combined with an equal volume of Freud's complete adjuvant for 300 µg subdermal injections in rabbits. Booster injections, containing the same subunit dosage in incomplete adjuvant, were administered at 2 week intervals for 10 weeks. The B subunit antibody that was generated was called B56epsilon, after peptide sequence verification of this purified subunit.
For resolution of the purified PP2A trimer from the dimer complex, HTP fractions containing both complexes were applied to a sucrose gradient. Thirteen milliliter gradients of 5 to 20% sucrose were prepared in 5 mM MES (pH 6.9), 100 mM KCl, 0.2 mM EDTA, 15 mM 2-mercaptoethanol, and 0.1 mM PMSF. The gradients were spun at 38 000 rpm in an SW-40 (Beckman) rotor for 24 h at 4°C and were fractionated from the bottom of the tube into 0.5 mL samples.
For correlating phosducin dephosphorylation activity with PP2A subunits, particularly various B regulatory subunits, the HTP fractions were electrophoresed on replicate 10% SDS-PAGE gels. One gel was stained with Coomassie Blue, while the proteins from the other gels were transferred to PVDF membranes for incubation with selected PP2A subunit antibodies.
Molecular Exclusion Calibration of the PP2A Trimer NatiVe Molecular Weight. A Superose 12 column (Pharmacia) was equilibrated in 50 mM Tris-HCl (pH 7.4), 1 mM EDTA, 0.1 mM PMSF, 0.5 mM DTT, and 0.15 M NaCl. Two hundred microliters of the concentrated 0.5 M NaCl PP2A trimer peak off the protamine-agarose column was applied, and 0.6 mL fractions were collected (5) .
Amino Acid Sequencing. Protein bands correlating with B subunit antibody cross-reactivity were cut from the Coomassie Blue-stained gels of HTP fractions, diced, dried, rehydrated in buffer containing the endopeptidase, trypsin, digested overnight, extracted, concentrated, and subjected to micro-bore C18 HPLC (ABI 172) at the Molecular Structure Facility at the University of California at Davis (Davis, CA). HPLC peaks were sequenced on either the ABI 477A or Procise sequencer and analyzed using 610 software (ABI).
PP2A DeVelopmental Study of Normal and rd/rd Mouse Retinas. Normal C57BL/6J mice and mice with inherited retinal degeneration (rd/rd) (49, 50) were exposed to controlled illumination during postnatal development. All animals were treated according to the guidelines stated in the Association for Research in Vision and Ophthalmology resolution on the use of animals in research. Animals were reared on a 12 h/12 h light/dark (L/D) cycle (lights on at 6:00 a.m. and lights off at 6:00 p.m.) and were sacrificed midday. All retinas were dissected and immediately frozen (-80°C) until they were used. Six to 18 retinas from each odd postnatal age (P1, P3, P5, etc.) from P1 to P17 and adult (A) (at least 3 months old) were homogenized in 600 µL of 50 mM potassium phosphate buffer (pH 6.8) with protease inhibitors. The retinal homogenates were centrifuged at 13000g for 10 min. The supernatants were each assayed for total protein (Bio-Rad), and an equal amount of protein for each postnatal age was applied to SDS-PAGE gels for analysis of PP2A subunits by immunoblots.
Light/Dark Membrane-Cytosol Translocation Study of PP2A Subunits in Normal Mouse Retina. Adult C57BL/6J mice were used for the study. In the light to dark study, one mouse was sacrificed midday and the retinas were immediately dissected under white light and frozen. Three mice were taken to the dark room and sacrificed under infrared light at 1.5, 15, and 30 min in darkness. Their retinas were immediately dissected under infrared light using two infrared detectors (Owl Dark Invader, Meyers & Co.) mounted on the dissecting scope and were wrapped in foil and frozen. For the dark to light study, four mice were adapted to dark midday in total darkness for 2 h. One mouse was then sacrificed in the dark, and the retinas were dissected under infrared light. The other three mice were taken into the light and sacrificed at 1.5, 15, and 30 min in the light, and the retinas were dissected. All retinas were homogenized in 120 µL of 50 mM potassium phosphate buffer (pH 6.8) with protease inhibitors and centrifuged at 13 000 rpm in a microfuge. The supernatants were assayed for total protein, and the pellets were resuspended in an equal volume of buffer. Both the supernatants and pellets were subjected to immunoblot analysis with antibodies against selected PP2A subunits. The study was repeated independently three times.
Immunoblot Analysis. For the study examining the time course in normal development, 60 µg of soluble protein from mouse retinas at each postnatal age was applied to two replicate 11.5% SDS-PAGE gels. Thirty micrograms of soluble proteins from each time point and an equal volume of the membrane fraction were used in the light/dark redistribution study. The proteins on one gel were stained with Coomassie Blue for total protein to verify equal protein loading, and the proteins on the other gel were electrophoretically transferred to Immobilon-P PVDF membrane and incubated with the primary antibody of interest and an appropriate secondary antibody as previously described (Millipore Corp.) (51, 52) . Immunoreactive proteins were visualized using enhanced chemiluminescence (ECL) (Amersham), using previously published protocols (53) . In some instances, the membranes were stripped and reprobed with additional antisera.
Other Antibodies. Polyclonal antisera recognizing the subunits of PP2A and other proteins were also generated in rabbits according to previous protocols or obtained from other investigators. C. Kamibayashi and M. Mumby (Southwestern Medical Center, Dallas, TX) generously provided several antibodies against the subunits of human PP2A. Antiserum against the human A subunit was prepared against a human peptide sequence (RA-F725) corresponding to residues 7-19 (DDSLYPIAVLIDE) (54) . For the regulatory subunit PP2A B′, the antiserum (M878) was prepared against human residues 107-116 (EFDPEEDEPT) (13) . For the PP2A BR regulatory subunit, the antiserum (M867) was targeted to human residues 14-26 (FSQVKGAVDDDVA) (54) . For the PP2A catalytic subunit, PT-C, a polyclonal antibody (M412) was directed against the purified 38 kDa protein phosphatase catalytic subunit from bovine cardiac muscle (55) . Other antisera used include AR-1, another general B′ subunit antibody against the conserved peptide sequence ELFDSEDPRER, generously provided by D. Pallas (Harvard Medical School, Boston, MA), and monoclonal antibodies Mab C10C10, which recognizes S-antigen (rod arrestin), and 1D6, which recognizes phosducin, both generously provided by L. A. Donoso (Wills Eye Research Institute, Philadelphia, PA) (52, 53) . The Pab 1948 antibody, prepared in our laboratory, recognizes retinal creatine kinase (56) , and SC261, a polyclonal antibody, recognizes G 1-4 (Santa Cruz Biotechnology, Inc.). Peak PP2A fractions against phosducin (fractions 18-29) from the HTP column were applied to a 5 to 20% sucrose gradient to separate the PP2A trimer (ABC), which is denser, from the dimer (AC) ( Figure 1D ). The presence of the trimer or dimer was verified via 11.5% SDS-PAGE. The trimer had a native molecular mass of 155 kDa, a value that is in agreement with the summed mass of a single A (61 kDa), a single 56 kDa B, and a single C (38 kDa) subunit ( Figure  2) . The trimer has a sedimentation coefficient of 7.3, compared to a sedimentation coefficient of 5.7 for the dimer (Table 1) .
RESULTS

Purification
PP2A Substrate Specificity of the Trimer (ABC) and Dimer (AC).
Sucrose gradient fractions were assayed for PP2A activity against phosphorylated phosducin, histone, opsin, and phosphorylase a ( Figure 3A-D, left panels) . Fractions containing the trimer (fractions 13 and 14) were most active with phosducin or histone and had higher activities than the dimer with these two substrates ( Figure 3A,B) , while fractions containing the dimer (fractions 17 and 18) had higher activities with opsin or phosphorylase a than those containing the trimer (Figure 3C,D) . The specific activities of the trimer and dimer were estimated using quantified densitometric scanning for the PP2A protein and measured PP2A enzyme activity ( Figure 3A-D, right panels) . In some preparations, the specific activity of the PP2A trimer in the sucrose gradient peak fraction, using phosducin as the labeled substrate, was more than 2000 nmol min -1 (mg of enzyme protein) -1 , representing a purification from the original ROS supernatant of ∼2000-fold ( Table 2) .
Correlation of Various PP2A Subunits with the Phosducin Dephosphorylation Peak in the HTP Column. The profiles of the PP2A A and C subunits were similar, with peaks at fractions 16, 20, 30, 38 , and 44 ( Figure 4B,F) . The A and C subunits had constant molecular masses of 61 and 38 kDa, respectively, in all five peaks. The dephosphorylation of phosducin peaked in fraction 30 ( Figure 4A ). Coinciding with this peak in fraction 30 was one of the five PP2A A ( Figure  4B ) and C subunit peaks ( Figure 4F ). Also coinciding was a 56 kDa B′ subunit that was cross reactive with both the B′ general antibodies (M878 and AR-1) ( Figure 4C ) and the B56epsilon antibody ( Figure 4D ) and sequenced to be B56epsilon. Another B′ subunit slightly larger in size (56.5 kDa), which was sequenced and identified as B56alpha ( Figure 4C , left peak), and BR (55 kDa) ( Figure 4E ) eluted from the column in fractions 16 and 44, respectively, and FIGURE 1: Purification of bovine phosphophosducin PP2A. Soluble proteins from 400 bovine retinas were applied to a DE52 anion exchange column and step eluted with 0.2 M NaCl. The DE52 eluate was applied to protamine-agarose (A), Ultrogel molecular exclusion (B), and hydroxylapatite (HTP) (C) columns. For resolution of the PP2A trimer (ABC) and dimer (AC), peak HTP activity fractions were applied to a 5 to 20% sucrose gradient (D). Fractions were assayed for PP2A activity against phosphorylase a (9) and phosducin (2) . The fractions with the highest phosducin dephosphorylation activity, fractions 80-112 off the protamineagarose, 35-43 off the Ultrogel, and 18-29 off the HTP column, were selected for subsequent purification steps. Lines represent the concentrations of NaCl (A), KPO 4 (C), and sucrose (D). cpm represents counts per minute.
therefore did not coincide with the phosducin dephosphorylation. Peak fractions (16, 30 , and 44) were also assayed for rhodopsin dephosphorylation (data not shown). No activity was found in fraction 44 with the BR subunit. Most of the activity was found in fraction 30 with the B56epsilon subunit, although in substrate preference studies, the enzyme was more active against rhodopsin when the B subunit was dissociated from the AC dimer.
B Subunit Sequencing. The 56 kDa B subunit that correlates with phosducin dephosphorylation was eluted from the gel and sequenced, which yielded seven peptide sequences (GXLTEQTYPEVVR, LIPLHTV, MVSCNIFR, STLNELVDYITISR, KLEDLELK, QEPLFX, and FMEMN-SXMFXELTA), each peptide exactly matching the human sequences described previously: B56epsilon [nucleotide accession number L76703 (8, 9) , protein accession number NP•006237 (7)] and PR61epsilon [nucleotide accession number Z69029 (10), protein accession number Q16537]. Although the reported nucleotide sequences of the two groups are slightly different, especially in the noncoding region, the amino acid sequences (467 residues) are identical and predict a protein of molecular mass 56 kDa. Other reported sequences in rabbit (6), mouse (14) , and zebra fish (nucleotide accession number AW778080) are partial sequences, probably of the same protein and, where the sequence is present, match our peptides exactly.
The 56.5 kDa B′ subunit, which precedes the B56epsilon subunit off the HTP column in the bovine retinal PP2A purification ( Figure 4C ), yielded two amino acid sequences (EXPDFQPSIA and FTR), both of which match exactly the following human PP2A B′ sequence: B56alpha [nucleotide accession number L42373 (8, 9) , protein accession number Q15172 (7)]. Neither peptide sequence exactly matches any other known B′ subunit.
Mouse B56epsilon. To produce enough purified B subunit for sequencing, bovine retinas were used because of their size and availability, but mice were used in our light/dark studies. We believe that the mouse B subunit observed translocating in the light/dark studies is identical to the bovine protein sequenced (B56epsilon), which correlates with phosducin dephosphorylation, because of the following observations. (1) The bovine and mouse proteins have exactly the same molecular mass (56 kDa) when analyzed side by side on a gel (data not shown), and (2) both proteins cross react not only with the B′ general antibodies (M878 and AR-1) but also with the B56epsilon antibody made specifically against the bovine retinal B56epsilon purified protein.
Other B Subunits ObserVed in the BoVine and Mouse Retina. Table 3 summarizes all the PP2A B subunits c Trimer. The denser trimer migrated to a position lower in the tube (fraction 14) than the dimer (fraction 17). and dimer (S 20,w ) 5.7) were verified on 11.5% SDS-PAGE. Specific activities of the peak trimer (13 and 14) and dimer (17 and 18) fractions are shown on the right. They are the average ( the standard error of the mean (SEM) for replicate assays and were calculated with enzyme proteins estimated from SDS-PAGE densitometrically scanned and compared to a BSA standard curve.
observed in the bovine and mouse retina. In addition to the bovine B56epsilon and B56alpha subunits that have been sequenced, we observed B56epsilon in the mouse retina, BR in both bovine and mouse retina, and B56delta and B′ gamma subunits in the mouse retina.
The peptide used to generate the BR antibody (CFSQVK-GAVDDDVA) exactly matches only two reported B subunits (both closely related), BR [human protein accession number NP•002708 (4), rat protein accession number P36876 (57)] and B [rat protein accession number AAA41909 (57)]. These sequences are identical except that AAA41909 has a 17-amino acid insertion at amino acid 61, compared to NP•002708 and P36876, which are identical. There is no sequence similarity between the BR and B′ subunits. a The amount of total retinal soluble protein was determined by the Lowry assay modified for the presence of 2-mercaptoethanol. b The total activity was calculated from 10 µL of the pooled fractions for each step of the purification against 1 µmol of phosphorylated phosducin adjusted to the total volume of each step.
c The yield is a comparison of the total activities of each step with the activity of the ROS supernatant set arbitrarily at 100%. d The specific activity is calculated by dividing the activity of an aliquot of pooled fractions by the quantity of enzyme protein.
e The degree of purification is a comparison of the specific activities of each step with that of the ROS supernatant, set at 1-fold (unpurified). The preparation resulted in a purification of approximately 2000-fold.
FIGURE 4: Correlation of various PP2A subunits with the phosducin dephosphorylation activity peak on the HTP column. Fractions off the HTP column were analyzed via 10% SDS-PAGE, electrophoresed, and processed for immunoblot analysis with replicate membranes of transferred proteins. Each membrane was incubated in primary antibody to PP2A subunits as part of the standard ECL protocol. The appropriate band in each fraction was quantitated by densitometric scanning and plotted as the optical density (OD). Phosducin dephosphorylation is shown in panel A. Primary antibodies were as follows: (B) A subunit (human residues 7-19, DDSLYPIAVLIDE, accession number P301583), (C) B′ general (human residues 107-116, EFDPEEDEPT, accession number U37352), (D) B56epsilon (against purified B56epsilon from bovine retina), (E) BR (M867, human residues 14-26, CFSQVKGAVDDDVA), and (F) C subunit (M412, the catalytic subunit, PT-C, directed against the purified 38 kDa protein from bovine cardiac muscle). The peak phosducin dephosphorylation activity peak (fraction 30), indicated by a vertical line, coincides with one of the five PP2A A and C subunit peaks (16, 20, 30, 38, and 44) and the 56 kDa B56epsilon subunit, recognized by both the B′ and B56epsilon antibodies. A slightly larger B subunit (56.5 kDa) seen by the B′ antibody, peaking in fraction 16, and a 55 kDa B subunit recognized by the BR antibody peaking in fraction 44 do not coincide with the phosducin activity peak. These other B subunit peaks have coinciding A and C subunit peaks.
In the mouse retina, two other B′ subunits, at 72 and 61 kDa, which do not correlate with phosducin dephosphorylation, are in whole retinal homogenates and are cross reactive with the two B′ general antibodies (M878 and AR-1) (data not shown). These two proteins are also cross reactive with another antibody, against mouse striatin, kindly provided by D. Pallas (Harvard Medical School) (data not shown). This cross reactivity helps identify these two other B′ subunits in retina. The mouse striatin antibody peptide, SVGSPSRPSSSRLPE, is partly identical with a portion (PPSSNKRPSNSTPPP) of only one known B′ subunit with a predicted molecular mass of ∼72 kDa, B56delta (nucleotide accession number L76702) (8, 9) , which is also identified as 74Kdelta1 (nucleotide accession number AB000634) (11) . Three known B′ subunits of ∼61 kDa, closely related to B56delta, also contain this homologous sequence: B′gamma (nucleotide accession number U38195), B′gamma2 (nucleotide accession number U38193) (6) , and 74Kdelta2 (nucleotide accession number D78360) (11) .
Changes in the B56epsilon Subunit of Retinal PP2A during DeVelopment of Normal and rd/rd Mice. Immunoblot analysis reveals that the PP2A A (61 kDa) and C (38 kDa) subunits ( Figure 5A ,B), along with BR (55 kDa) (data not shown), are present by postnatal day 1, in both normal C57 and rd/rd mouse retinas, and remain at almost constant levels throughout development in both strains. The B56epsilon subunit (56 kDa) is below detection at day 1, appearing only between postnatal days 3 and 5 when rod photoreceptors begin to differentiate in both C57 and rd/rd mouse retinas ( Figure 5A,B) . B56epsilon subunit immunoreactivity is absent in mature rd/rd mouse retinas ( Figure 5B ), which lack differentiated photoreceptors (49) . In this respect, the B56epsilon subunit is the only PP2A subunit tested that correlated developmentally with the presence or absence of rod photoreceptors. Endogenous controls reflect this same pattern, with photoreceptor-specific proteins arrestin and phosducin also lacking in early ages of both strains and declining when photoreceptor cells are known to degenerate in the rd/rd mouse (58) . As a loading control, retinal creatine kinase, expressed throughout the retina layers, was constant in both normal and rd/rd retinas throughout development. These observations suggest that the B56epsilon subunit and the AC complex of PP2A are present in differentiated rod photoreceptors of mice retinas. , respectively) and as adults (A), and retinas were dissected. Sixty micrograms of soluble retinal proteins was applied to an 11.5% SDS-PAGE, electrophoresed, and processed for immunoblot analysis. For primary antibodies, A, B′, and C are the same as in Figure 2 . Rod arrestin is a monoclonal antibody (C10C10), which recognizes RERRGIALD (amino acids 292-300, S-antigen, accession number A30357); phosducin is Mab1D6, and a control antibody for equal loading and quantitation, creatine kinase, is Pab1948. Molecular masses of proteins are indicated on the right. PP2A A and C subunits remain unchanged throughout the development of both control and rd mice retina. The B56epsilon subunit is absent at P1 and P3 of both strains and in adult rd mice.
Light/Dark Redistribution of PP2A Subunits in Mouse Retina. To verify if the substrate preference of the PP2A trimer and dimer correlates with its substrate and subunit distribution in vivo, we separated the cytosolic and membrane fractions of mouse retinas after the mice were exposed to different light conditions and did immunoblot analysis on both fractions with antibodies recognizing selected PP2A subunits. As shown in Figure 6 , the PP2A A, B56epsilon, and C subunits in the mouse retina are redistributed from the cytosolic (soluble) to the membrane fraction (particulate) ( Figure 6A, parts a, b, and d) or the reverse ( Figure 6B , parts a, b, and d) within 1.5 min of the change in the light condition. We estimate the total amount of mouse PP2A A subunit to be ∼80 ng/mouse retina, B56epsilon to be ∼1.5 ng/mouse retina, and C to be ∼40 ng/mouse retina using quantitative Western blot analysis with densitometric scanning of the appropriate band in the mice retina and comparing it to a known amount of insect cell expressed fusion protein of the PP2A A, B′, and C subunits analyzed on the same gel. Therefore, the approximate 25% A subunit translocation represents ∼20 ng/mouse retina, the 30% B56epsilon subunit translocation ∼0.45 ng/mouse retina, and the 10% C subunit translocation ∼4 ng/mouse retina. The BR subunit does not redistribute [ Figure 6A (part c) and Figure 6B (part c)]. Rod arrestin, which binds to phosphorylated rhodopsin during light exposure, becomes associated with the retinal membrane fraction; however, rod arrestin is more abundant in the soluble fraction during dark exposure [ Figure 6A (part f) and Figure 6B (part f)] (53). The subunit of transducin (T ), which dissociates from membrane-bound TR upon exposure to light, is noted to translocate from the membrane to the soluble fraction upon light exposure and from the soluble to the membrane fraction during the transition from light to darkness [ Figure 6A (part e) and Figure 6B (part e)] (59).
DISCUSSION
Although indirect evidence relating to PP2A dephosphorylation of rhodopsin and phosducin has accumulated, the retinal photoreceptor PP2A complex has not been characterized. In this report, the subunits of the retinal PP2A complex are identified, PP2A distribution within the retina is described, and light/dark dynamics of retinal PP2A translocation are revealed that clarify a role for one enzyme in ensuring the efficient dephosphorylation of phosducin in the light and rhodopsin in the dark.
Dephosphorylation of proteins by phosphatases is an essential mechanism in regulation of the visual G-protein transduction process, particularly events involved with modulation and downregulation of the rod photoreceptor. Light absorbed by rhodopsin in the rod outer segments causes conformational changes that activate the cascade through a catalyzed exchange of GDP for GTP on the R subunit of transducin (60, 61) . GDP-GTP exchange releases the γ complex of transducin, freeing GTP-R-transducin to interact with a phosphodiesterase enzyme that hydrolyzes cGMP, and releasing the transducin γ complex to interact with phosducin. As cGMP levels fall, the cGMP-gated channels close and the photoreceptor cell hyperpolarizes. The rod phototransduction cascade provides a mechanism for amplification of the photon signal, but the amplitude of the photon-initiated response can be modulated by phosducin through the binding of the γ transducin subunits (26) . The γ complex must recombine with R-transducin before interacting with bleached rhodopsin, and phosducin can limit the availability of the γ complex.
During darkness, phosducin is phosphorylated at Ser73 by PKA (62) , at the C-terminal domain between residues 204 and 245 and between residues 195 and 218 by GRK2 (63) , and at Ser54 and Ser73 by Ca 2+ /calmodulin-dependent protein kinase II, leading to the binding of 14-3-3 protein (64) . In these phosphorylated forms, phosducin has a diminished ability to bind T γ . Upon exposure to light, phosducin is dephosphorylated by PP2A (19, 21) . The dephosphorylated species of phosducin, no longer binding 14-3-3 protein, is more efficient in sequestering the γ subunits of transducin (65) . Therefore, dephosphorylation of phosducin by PP2A establishes the conditions for phosducin to modulate the amplification of cGMP hydrolysis by preventing the recycling of transducin with the activated rhodopsin. In strong light, when maximum modulation is most desirable so that the cascade is not saturated, the net dephosphorylated state of phosducin is ensured by several synergistic mechanisms. The fall in photoreceptor cGMP levels upon illumination results in decreased levels of phosphorylated phosducin, in part because the PKA enzyme that phosphorylates phosducin is also sensitive to cGMP levels (22) . Cytosolic Ca 2+ levels fall upon illumination of photoreceptors. This drop in Ca 2+ levels affects the activity of a Ca 2+ /calmodulin-dependent adenylyl cyclase, dropping the levels of cAMP, which, in turn, decreases the level of net cAMP-dependent phosphorylation of phosducin (66) . The drop in cytosolic Ca 2+ levels also affects the activity of the Ca 2+ -dependent kinase, decreasing its activity and the net phosphorylation state of phosducin. In this report, we propose an additional mechanism, one involving the light-driven translocation of the PP2A enzyme complex to the cytosolic fraction, which would augment this decrease in the net phosphorylation state of cytosolic phosducin upon illumination.
The activated receptor in G-protein receptor-coupled signaling mechanisms is shut off through a process of phosphorylation by a receptor-specific kinase and the subsequent binding of a protein from the arrestin family (67, 68) . In retina, light-activated rhodopsin undergoes deactivation via phosphorylation by rhodopsin kinase at multiple C-terminal sites and the subsequent binding of rod arrestin (32, (69) (70) (71) . For rhodopsin to recycle for full light sensitivity, arrestin and the phosphate moieties must be removed. Light-dependent Ca 2+ concentration fluctuations have also been shown to affect the dephosphorylation of rhodopsin through the Ca 2+ -activated opsin phosphatase (CAOP) enzyme (72) . In Drosophila, the Ca 2+ -dependent rhodopsin protein phosphatase, RDGC, dephosphorylates rhodopsin (73) . However, in the vertebrate retina, two RDGC homologues, PPEF-1 and PPEF-2, were studied with doubleknockout mice and were eliminated as potential candidates for rhodopsin dephosphorylation (74) . It is still thought that, in the vertebrate retina, the dephosphorylation of rhodopsin is carried out, at least in part, by a PP2A enzyme complex (19, (23) (24) (25) 75) . While the mechanisms and timing of events that lead to rhodopsin dephosphorylation are still unresolved, the translocation of the PP2A enzyme involved in phosducin dephosphorylation onto the membrane during dark conditions FIGURE 6: Light/dark redistribution of various PP2A subunits in mice retina. Adult C57Bl/6J mice were maintained on a 12 h/12 h L/D cycle. For the light to dark study (A), a mouse was sacrificed near the midpoint of its light cycle and its retinas were dissected under white light and frozen. Three mice were taken to the dark room and sacrificed at 1.5, 15, and 30 min in the dark. All dark retinas were dissected under infrared light and frozen in foil. For the dark to light study (B), four mice were adapted to the dark for 2 h. One mouse was sacrificed in the dark, and its retinas were dissected. The other mice were taken into the light and were sacrificed after 1.5, 15, and 30 min in the light and the retinas dissected. Both studies were repeated three times. Each retina was homogenized (glass/glass) in 120 µL of 50 mM potassium phosphate buffer (pH 6.8) with protease inhibitors and was centrifuged at 13 000 rpm in a refrigerated microfuge for 10 min into a soluble (9) and particulate (2) fraction. The particulate fractions were resuspended in the same volume and examined, and nuclear membranes were not intact. The dark retinas were processed in the dark. Following a protein determination (Bio-Rad), 30 µg of soluble protein and a comparable volume of the particulate fraction from each time point were loaded onto replicate gels, electrophoresed, immunoblotted, and immunodetected by ECL. The quantity of protein antigens was estimated by densitometric scanning of the appropriate band in the mice retina and comparing it to a known amount of insect cell-expressed fusion protein of the PP2A A, B′, BR, and C subunits analyzed on the same gel. Primary antibodies are the same as in Figure 4 . The light and dark condition of the retinas was verified by monitoring S-antigen/ rod arrestin (f), which is associated with membrane in the light, and -transducin (e), which is partially soluble in the light, using Mab C10C10 and SC261 (Santa Cruz Biotechnology), respectively. The A (a), B56epsilon (b), and C (d) subunits were all partially redistributed from the soluble (9) to the membrane (2) fraction of the mice retina in the light to dark study (A), even after only 1.5 min in the dark. The opposite redistribution was seen in the dark to light study (B). The BR (c) subunit was not redistributed. These data are presented as a percent of total soluble and particulate subunit in either the supernatant or the particulate fraction. Because of the large quantity of retinal A (80 ng/retina) and C (40 ng/retina) relative to B56epsilon (1.5 ng/retina), much more A and C subunit is redistributed than B, even though the percentage of redistribution is smaller. After an initial (1.5 min) large redistribution from soluble to membrane-associated A, B, and C subunits in the transition from light to dark, subsequent time points showed less redistribution. This was not seen in the dark to light study. may contribute to the net dephosphorylation state of rhodopsin during these conditions.
Developmental studies of mice with normal retinas and with retinal degeneration demonstrate that the B56epsilon subunit of PP2A is concentrated in rod photoreceptors ( Figure 5 ). Numerous B subunits are known regulators of PP2A, but only the soluble 56 kDa B56epsilon subunit is associated with the PP2A dephosphorylation activity targeted to phosducin in rod photoreceptor cells ( Figure 5 ), and the presence of this regulatory subunit is strongly associated with the substrate specificity of PP2A for phosducin (Figure 3) .
Previous reports suggest that, for PP2A to be fully active against some substrates, the enzyme must first be subjected to denaturing conditions. Ethanol treatment of PP2A releases a pool of latent enzyme activity against phosphorylated rhodopsin, and it was suggested that this might selectively denature the regulatory subunit (20) . Ethanol treatment was especially effective on PrP-2A 0 , which contains the B′ subunit, compared to PrP-2A 1 , which contains the B subunit. From these data, it was speculated that rod cell outer segments contained mostly PrP-2A 0 (AB′C) because the PP2A activity against rhodopsin was so easily stimulated by ethanol treatment. Using gel filtration chromatography, other investigators eluted peak bovine ROS phosphatase activity against phosphorylated opsin or rhodopsin at 100 kDa, suggesting that the dimeric form of the PP2A enzyme (PP2A 2 ) was most active against these substrates (23, 24) . Still other experiments noted that freezing and thawing treatment under reducing conditions dissociates oligomeric forms of PP2A and leads to a 9-fold activation of this enzyme when using phosphorylase a as a substrate (76) . These observations are consistent with our results that clearly demonstrate that the dimeric form of PP2A, lacking the B′ subunit, is more active against phosphorylated opsin and phosphorylase a than the trimer form ( Figure 3) .
The retinal PP2A trimer complex containing the B′ subunit undergoes changes throughout the light/dark cycle, which are dependent on ambient light conditions and not an intrinsic circadian rhythm. Upon exposure to light, the soluble protein level of AC-B56epsilon increases, while that of the membrane-associated AC-B56epsilon decreases. The level of soluble trimer is highest when phosducin is dephosphorylated in light, favoring the binding of γ-transducin and downregulation of the visual cascade. A return to dark conditions causes the soluble trimer level to fall and the level of the membrane-bound enzyme complex to increase. Because approximately 10-fold as much A and C subunits redistribute to the membrane as B56epsilon, the enzyme on the membrane in the dark is predominately a dimer (although other B subunits may be associated with the AC complex on the membrane, at least the other B subunit tested, BR, is not redistributed). It was demonstrated that the PP2A dimer (AC) dephosphorylates phosphorylase a and opsin more efficiently than the trimer, while the PP2A trimer (AC-B56epsilon) dramatically catalyzes the dephosphorylation of phosducin and histone (Figure 3 ). These findings suggest that additional A and C subunits on the membrane under dark conditions result in a more efficient rhodopsin dephosphorylation.
The PP2A dimer dephosphorylation rate we observe, using opsin as a substrate, is extremely low ( Figure 3C ) compared to the rate for other substrates that were tested, particularly that of phosducin by the PP2A trimer. This could be explained in several ways. It is possible that, under our experimental conditions, we are not observing the full opsin FIGURE 7: Model of changes in the PP2A enzyme during light or dark. The model shows light (lightning bolt) hitting the retina, activating (*) rhodopsin (R), which is phosphorylated (P) by rhodopsin kinase (RK). Rod arrestin (AR) binds to the phosphorylated rhodopsin (R-P-AR), helping to downregulate the cascade. Also in the light, phosphorylated phosducin (PHD-P) is dephosphorylated (PHD) by the PP2A trimer (ACB56epsilon), which has moved to the cytosolic fraction of the rod photoreceptor outer segments, favoring the binding of γ-transducin (G γ), a condition which supplements the downregulation of the cascade. Under dark conditions, PP2A subunits, especially the A and C subunits (AC), become associated with the membrane of the rod outer segments and slowly dephosphorylate rhodopsin, resulting in dissociation of the arrestin, and the priming of rhodopsin for another incoming photon of light. Also under dark conditions, phosducin (PHD) is phosphorylated by cyclic AMP-dependent protein kinase (PKA) and other kinases, which results in a form of phosducin (PHD-P), which has lower binding affinity with transducin (G γ).
activity. The PP2A enzyme assay was optimized for phosducin dephosphorylation and may not have contained all the essential factors necessary for optimal opsin dephosphorylation. Protamine and dopamine have been shown to influence opsin dephosphorylation by PP2A (24, 77) . It has been suggested that, before Ser334 of opsin can be dephosphorylated, opsin must first be regenerated with 11-cis-retinal (78) . As our opsin substrate was not regenerated, this may account for the low rate of dephosphorylation. Alternatively, the slower rate of opsin dephosphorylation by the dimer of PP2A in the dark described here may have physiological significance in being a part of the slow dark adaptation phase. Dephosphorylation of opsin at Ser334, the residue phosphorylated and dephospharylated at the slowest rate, proceeds at a rate consistent with the slow dark adaptation phase (halftime of approximately 40 min) (78) .
Our observations are summarized in a model that illustrates the translocation that occurs in the PP2A enzyme under light or dark conditions (Figure 7) . The model intends to focus our findings on the functional implications of this translocation of the PP2A enzyme complex. The model depicts a shift in the distribution of the PP2A complex from the membrane to the soluble fraction, upon the transition of rod photoreceptors to light conditions. The PP2A dimer is predominant on the membranes during darkness because of the additional A and C subunits that are redistributed. The model shows that the level of the soluble AC-B56epsilon trimer is higher when phosducin is dephosphorylated in light, favoring the binding of γ-transducin and downregulation of the visual cascade. Correspondingly, the PP2A dimer is prevalent on the membrane in darkness when maximum sensitivity is needed, ensuring that the membrane-embedded rhodopsin is dephosphorylated and made ready for another photon capture.
